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SUMMARY 



An Invest igation to determine the effects of wing 
loading and altitude on lateral stability and control has 
been carried out in the NACA free-flight tunnel. The re- 
sults of flight tests of the model were correlated with 
calculated stability boundaries, and an effort was made 
to determine for each loading condition the airplane con- 
figuration that gave the best flight character is tic s. 

By changing the weight of the model, the relative den-* 
sity was varied to represent airplane wing loadings of 16 
to 90 pounds por squaro foot at sea level. or lighter loads 
at altitude. The dihedral angle was varied from 0° to 
11.5° and the vertical-tail area from 3.5 to 14 percent 
of the- wing area. 

The tests showed that increasing wing loading and 
altitude did not affect spiral stability but reduced 
oscillatory stability, increased the difficulty of main- 
taining wing-level flight, and caused the general flight 
behavior to become worse. The best flight characteristics 
at all loadings were obtained with conditions of small 
dihedral and large vertical-tail area. 



INTRODUCTION 



Recent military airplane design trends have been to- 
ward increased wing loading and Increased ceiling. These 
changes combine to cause increases in the factor ii, the 
ratio of airplane density to air density, because this 
factor varies directly with both wing loading and altitude. 
Recent theoretical papers (references 1 and 2) have pointed 



out that difficult7 may "be experienced in obtaining dynamic 
latoral stability with airplanes having large* valj.es of \jk 9 
These papers indicate that the Instability takes the form 
of the Dutch roll, a combined rolling and sideslipping 
oscillation. And that it is associated with high values of 
the wing dihedral aiLgle and low vertical-tail area. 

In an effort to obtain experimental correlation with 
these theoret ical results and to determine the combinations 
of vertical-tail area and dihodral angle that give the best 
flying qualities for each loading, flight tests of a model 
of a typical fighter airplane with propeller removed and 
split flaps deflected 60° have been carried out in the iJACA 
free-flight tunnel. The results of this investigation r,re" 
given herein. 

The flight investigation consisted in tests of the 
model in which the wjLng. loading was varied to represent 
values of i* from 5.5 to 31. 5 f These values of p. corre- 
spond to wing loadings from 16 to 90 pounds por square foot 
for the airplane at sea lbvol or from 5 to 34 pounds per 
square foot at 30,000 feet. 

Jor each of the loading conditions of the model, the 
vert ic?„l-tail area ani the dihedral an^lc were varied over 
a range of values representative. of present-day airplane 
conf igurat ions. 

Tho r-*3ults of th-: flight tests of the model have been 
correlated with stability boundarii*? calculated for the 
particular moo.el tested. Satir.gs for apirsl stability, 
oscillatory stability, :.ind general flight behavior are given 
for each condition of the model. 



SYMBOLS 



0 L lift coefficient (L/qS) 

lateral-force coefficient (Y/q3) 



0 n yawing-momont coefficient 



rolling-moment coefficient 




T 



lift, pounds 



T ^lateral force,' pound* . . . 

p 0 mass density of air at standard sea-level conditional 
slugs per cubic foot 

p mass density of air at flight conditions , slugs per . 
cubic foot 

b ving span, feet 

8 ving area, square feet 

S v vertical-tail area, square feet 

q dynamic pressure, pounds per square foot (l/2p7 a ) 

a angle of attack, degrees 

7 airspeed, feet per second 

Oy rate of change of lateral- force coefficient with 
p sideslip, per radian (90y/3p) 

C nfl rate of change of yawing-moment coefficient with 
p sideslip, per radian (BC n /90) 

C^p rate of change of rolling-moment coefficient with 
sideslip, per radian (BG^/9p) 

C&p rate of change of yawing-moment coefficient with 

rolling velocity, per unit of ph/27 (^ C n/&^fJ 

rate of change of rolling-moment coefficient vith 

rolling velocity, per unit of ph/27 ^ 3C l/ a '^^ 

rate of change of rolling-moment coefficient vith 

yawing velocity, per unit of rh/27 

C n ^ rate of change of yawing-moment coefficient vith 

yawing velocity, per unit of rh/27 ^3C n ^a 

p angle of sideslip, radians 

■/.• 

p rolling angular velocity, radians per second 



*r 



r yawing angular velooity ft radians per second 
A aspect ratio (b 3 /S) 

p, airplane relative-density factor (m/pSb) 
m mass, slugs (V/g) 

g acceleration of gravity, feet per second per second 

V weight of airplane, pounds 

tf/S wing loading of airplane, pounds per square foot 

V angle of flight path to horizontal, degrees 
r dihedral angle , degrees 

k x /b ratio of radius of gyration about X axis to wing 
8 pan 

k z /"b ratio of radius of gyration about Z axis to wing 
span 

R Bouth's discriminant 

X coefficient in stability quartic equation, given in 
reference 1 

(All coefficients are referred to stability axes.) 



MODEL 



Two similar l/18-scale models , one of light and one 
-of heavy construction, were used for the tests to permit 
large changes in wing loading. A drawing of the models as 
tested is shown in figure 1. 

Both models were so constructed that weight, dihedral 
angle, and vertical-tail area could be changed without 
affecting the center of gravity or the radii of gyration. 
The light model, representing a wing loading of 16 pounds 
per square foot, was constructed of balsa I whereas the heavy 
model, representing wing loadings from 30 to 90 pounds per 
square foot, was built principally of spruce and plywood. 
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Both mod;els were equipped wit h split .Haps with chords 20 
percent of the wing chord* The split flaps," whiah extended 
from the fuselage to the ailerons, were deflected 60°. The 
oontrolB were electrically operated by a "pilot" in the 
same manner as those described in reference 3, The ratios 
of the radii of gyration to the wing span were held con- 

stant at — = 0.143 and -r— = 0,202, and the center of 
b £ 

gravity was held 1 at 33 percent of the. mean aerodynamic 

chord. 



MEASUREMENT Off SIDESLIP DIE I VAT I VIS 



The sideslip derivatives ^lp • C np f and -^Yp were 

determined for the different combinations of vertical-tail 
area and dihedral angle by tests on the six-component bal- 
ance in the NACA free-flight tunnel. All the tests were 
made at an angle of attack of 8°, corresponding to a lift 
coefficient of 1.0, and at a dynamic pressuro of 4.09 pounds 
par square foot. The derivatives were calculated from the 
slopes of the curves of 0 l , C n , and Cy plotted against 

anglo of yaw. Tho values of and 0 n p for the com- 

binations of dihodral ar.^lo and vertical-tail area are 
indicated in figure 2. 



CALCULATION Off L A TIE A L- S T A B I L I T T BOUND ABIES 



The 1 calculated lateral-stability boundaries are given 
in figure 3 for tho four values of n used in the flight 
tests of the model. The boundaries, which are the loci of 
points of neutral spiral stability (I = 0) and neutral 
oscillatory stability (2 = 0) at a lift coefficient of 1.0, 
were calculated by using the methods of reference 1, which 
were based upon the standard stability equations developed 
in reference 4. The boundary curvos represent a simulta- 
neous variation of the stability derivatives as given in 
table I. It will be noticed that the boundaries for E - 0 
move upward and Inward on the laterals-stability diagram as 
\x is increased. A single 1=0 boundary, however, was 
obtained for all values of \x used; this result indicates 
that spiral stability does not change with it. 
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The lateral-stability boundaries ware obtained by 
assuming various ratios of vertical-tail area to wing area 
S v /S and, for each of these ratios, finding the values of 
Oip for which E = 0 and for which H = 0. The deriva- 
tives Oi C- " , and Ci were found from tho charts of 

P P ' 
reference 5- The contribution of the vertical tail to 
'Cn r computed 07 the method of reference X. Th§ val- 

ues of AOy . v rsqjuirod for this computation and the 
p I 1 in } 

variation of C n g and Cy^ with tail area were obtained 

from tho force tests previously mentioned herein. The 
value of On for the model with the vertical tail removed 

was estimated from measured data for a similar model. 



PLIGHT TESTS 



The flight ."teste were made in the 2TACA free-f light 
tunnel, which is 1 described in reference 3. All the tests 
for dynamic lateral . stability and control were made at a 
lift coefficient .of 1.0. Tor the range o'f wing loadings 
covered, the airspeeds required for flight at this lift 
■coefficient varied from 28 to 66 feet per se-cond. 

The spiral "stability of the model .was determined by 
the pilot from the rate at which the model, with controls 
fixed, sideslipped and rolled from level flight. 

Oscillatory-stability tests consisted' in starting a 
lateral oscillation by an abrupt movement of the rudder 
while the model was in laterally level flight. Motion 
pictures of the flights were made in an effort to measure 
the 'period and damping of tho ensuing oscillation; however, 
the flights during which -the oscillation was not inter- 
rupted by control movements were seldom long enough for the 
damping of the oscillation to be accurately determined from 
the motion-picture' records. Visual observations of tho 
damping fere also made, therefore, to supplement .the motion- 
picture records. 

Tha lateral control was judged'.by the difficulty with 
which wing-level flight was maintained, both with ail-orons 
and rudder used together and with ailerons alone. During 
the flights with aileron alone the yawing due to aileron 
deflection was noted. The amount of this yawing and tho 



I 
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manner in whicTi '"the tiiodel returned to neutral was- taken 
as an indioat ion of the directional stability* 

An over-all f light-behavior rating "baaed on the 
pilot's opinion of the general nature of the flights was 
recorded for each condition, She factors influencing 
these ratings Included spiral stability, the type of the 
lateral qbo illation, lateral control t and directional 
stability. 



BESULTS JJfD DrSCUSSIOU 

i 

Interpretation of Results 



The results are given in terms of actual airplane 
wing loading at sea level, as the tests were made at 
standard sea-level conditions. Inasmuch as |x is direct- 
ly proportional to both wing loading and altitude, the 
data given cab be applied to airplanes flying at higher 
altitudes; that is, an airplane with an r.ctual wing load- 
ing of 34 pounds por square foot flying at an altitude of 

30,000 feet, where -2- = 0.38, will have the same sta- 

Po 

bility characteristics as n similar airplane with a wing 
loading of 90 pounds per square foot flying at sea level. 
The variation of p, with effective wing loading and alti- 
tude is shown in figure 4. 

Although the results were obtained for a model with 
flaps deflected and without a propeller, a wide range of 
stability derivatives was covered by varying the vertical- 
. tail area and the dihedral angle. The results apply to 
any airplane having these particular stability derivatives 
regardless of the airplane configuration. The conclusions 
regarding the effect of jj. on lateral stability and con- 
trol, however, are believed to have general application. 



lateral Stability 

Spiral stability .- In the flights no change in spiral 
stability with change in \x was observed.' This result was 
in agreement with the theoretical stability calculations. 



Average spiral^stability ratings from flight tests at 
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different values of (i are shown In figure 5, which is a 
lateral-stability diagram (Cup against ~ c ip5 on which 

the spiral-stability boundary from figure 3 has been lo- 
cated. The ratings are placed on the diagram at points 
having coordinates that correspond to the derivatives 
C n p and obtained from forco tests of the model. 

The wide band of neutral ratings shows that, over the 
range covered , the degree of spiral stability or inst a-p 
bility was so slight as to make it hard to locate defi- 
nitely the condition of neutral spiral stability. The 
ratings indicate that the calculated boundary does define 
r. region of approximately neutral spiral stability. 

The tests showed further that the model in a condi-" 
tion of definite spiral instability was not hard to fly. 
J or model conf igurat ions that gave definite spiral sta- 
bility (low vertical-tail area or high dihedral angle) a 
moreover 9 the detrimental effects of adverse yawing due 
to aileron deflect ion were mora not iceable than for con- 
figurations giving spiral instability. Spiral stability, 
therefore, does not appear important enough to be attained 
at the expense of other stability and control characteris- 
tics. This statement Is especially true for high wing 
loadings, at which the yawing caused by aileron deflec- 
tion in a high-dihedral configuration is likely to start 
or reinforce the lateral oscillation. 

Oscillatory stability . - Increasing the value of \x 
causod a reduction in oscillatory stability, as shown by 
tho qualitative ratings for damping of the oscillations in 
figure 6. The magnitude of the effects of changes in i& 
on the damping varied with changes in the model configura- 
tion. In general^ tho greatest effects of \x were noted 
with the high dihedral angle and small vertical-tail areas, 
as would be expected from the manner in which the oscilla- 
tory-stability boundary (H = 0) shifts with increasing val- 
ues of p. (See fig. 6.) 

■ 

Tho effects of \jl on the oscillatory stability with 
the smallest tail (tail l) could bo determined for only 
two tost conditions because Qf poor directional- stability 
characteristics with this tail. Tho following discussion 
is therefore concerned only with tails 2, 3, and 4. 

At 0° dihedral, the lateral oscillation wpb practical- 
ly deadbeat for all values of vertical-tail area and all 
value 8 of p.. No appreciable reduction in damping with 
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'increase in \jk " could b*e no+6d even with the email ver- 
tical tail (tail 2). 

At 4° dihedral, the effects of p. on the damping of 
the oscillation were noticeably greater than at 0° hut 
were not serious for any value of vertical-tail area* At 
the small values of (i with all vertical tails and even 
at the highest values of fi with the largest tail, the 
damping was heavy. Increasing the value of l* caused a 
sizable reduction in the damping with the small vertical 
tail (tail 2), hut the oscillatory instability indicated 
by tho calculated H = 0 boundary was not noted in the 
flight tests at this condition, (See fig. 6.) 

At the 8° and 11° dihedral angles, the effect of i* 
on the damping of the oscillation was apparent even with 
the large vortical tail* Increasing u caused reductions 
in damping that were sufficient- in some cases to cause 
oscillatory instability. This instability was slight, 
however, and even for the worst conditions (11° dihedral, 
tail 2, and p. = 31.5) did not prevont the making of some 
sustained flights. On tho other hand, the instability was 
considered objectionable in that it introduced consider- 
able difficulty in keeping the wings level with aileron 
control. This difficulty was caused by a lightly damped 
rolling motion, which was essentially oscillatory in 
naturo but which was usually started by aileron deflec- 
tions. 

Although insufficient quantitative data were obtained 
in tho flight tests to afford an accurate experimental 
check of tho calculated oscillatory-stability boundaries 
for the difforent values of n, it appears from the rat- 
ings of figure 6 that the boundaries were conservative; 
that is, the calculated boundaries, in general, seemed to 
exaggerate the detrimental effect of high valuo-s of \x on 
oscillatory stability and some theoretically unstable con- 
ditions appeared stable in the flight tests. It should be 
noted, however, that in no case was the flight behavior 
for thoso theoretically unstable conditions cons idered 
entirely satisfactory. It therefore appears that , although 
these particular stability boundaries were not accurate 
Indications of neutral oscillatory stability, they were 
useful to some extent as indications of conditions of un- 
satisfactory flight behavior. 



10 



Lateral Control 

Increasing the value of \x increased the difficulty 
of maintaining a wing-level attitude with aileron control. 
In flights with values of p. of 21 and 31. 5 f attempts to 
raise a low wing by use of the ailerons usually resulted 
in a hank in the oppos it e direction. At times, "because of 
this tendency to ov or correct deviat ions in "bank , several 
alternate right and left ailoron deflections were neces- 
sary to return the model to wing-level flight. 

It was believed' that the tendency to overcontrol with 
the ailerons was caused principally by the increased moment 
of inertia in roll, although the fact that higher aileron 
rolling velocities were obtained at high values of ji 
probably contributed to the difficulty. The moment of 
inertia increased in direct proportion to the increase .in 
1*. The rolling velocity due to ailerons increased in di- 
rect proportion to the square root of \i. This increase 
in rolling velocity was caused by the higher airspeeds 
necessary for flying at the same lift coefficient with. the 
high values of l*. 

In an effort to determine which of the two factors - 
moment of inertia in roll or rolling velocity due to 
ailerons - was the chijf cause of the overcontrol, flights 
were made at [x = 31.5 with the aileron travel reduced so 
as to prodv.ee smaller rolling velocities. The flights 
wore somowhat smoother, but after large disturbances the 
tendency to overcontrol when returning to levei flight was 
still prosont. 

In order to verify the indication that moment of 
inertia was the principal causo of the overcontrol, tests 
wore made with the light model (n = 5.5) flown at the same 
airspeed as that used for the flights at n = 31.5. At 
this airspeed , which corresponded to a lift coefficient of 
about 0.2, the ailerons developed the same rolling moments 
and velocities as in the tests at \x = 31.5, but the flights 
were much smoother and showed none of the tendencies toward 
ovorcontrol that were noted in the flights -at heavier load- 
ings • It was thus concluded that increased moment of iner- 
tia in roll was the chief cause of the overcontrolling dif- 
ficulties at the high values of n. 

Although the conclusion that increased moment of 
inertia in roll caused overcontrolling difficulties was 
established only for a case in which jj» was increased by 
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Increasing wing loading, this fact also holds for the 
case in which is increased by fl7ing at altitude. 

Tor an airplano flying at altitude the actual moment of 
inertia in roll would he the same as at sea level, hut 
the ratio of the moment of inert la - ln< roll to the aero- 
dynamic damping moment opposing roll would he greater 
"because the damping moment varies directly with air den- 
sity* 

General Tlight Behavior 

The general flight behavior of the model became 
worse with increasing values of |±, as indicated by the 
flight-behavior ratings in figure 7. These ratings are 
indications of the combined effects of all lateral sta- 
bility and control characteristics on the nature of the 
flights. It appears from a comparison of the ratings of 
figure 5 with those of figure 6 that o-seillatory stabil- 
ity was the principal factor influencing the pilot f s 
opinion of the general flight behavior of the model in 
this investigation. 

Combinations of vertical-tail area and dihedral an- 
gle that gave the best flights at small values of p 
usually gave the best flights at higher values of i*. 
With increasing values of p., however, the number of model 
configurations that gave satisfactory flight behavior bo- 
came progress ivoly smaller. At the low values of i* sat- 
isfactory behavior was obtained at all dihedrals with the 
two large tails (tails 3 and 4) and at the low dihedrals 
with tail 2. At the highest value of p., however, satis- 
factory conditions were obtained only with small dihedral 
and large tails. 

lor all values of p the flight tests indicated 
that, in general, the best flight behavior was provided 
by model configurations that had low values of effective 
dihedral and high values of effective vertical-tall area. 
With large values of dihedral, the detrimental effects of 
adverse yawing were usually evident and in some cases the 
oscillatory stability was poor, With low effective 
vertlcal-^tall area, the directional stability was poor, as 
evidenced by excessive yawing motions* Che smallest tail 
(tail 1) did not provide satisfactory directional stability 
even with 0° dihedral angle, for which the value of 0 n g 
of 0.01 indicated positive stability. 
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COHCLUSIONS 



Based on testa of two similar "1/18-scale dynamic 
models without propeller in the NACA free-flight tunnel, 
the following conclusions concerning the effect of wing 
loading and altitude, or the airplane relat ive-^density 
factor jjt, on lateral stability and control were reached: 

1. Ihe value of n apparently had no effect on 
spiral stability; this result -vas in agreement with the 
calculated spiral- stability boundaries, 

2. Increasing the value of \x caused a reduction in 
oscillatory stability. Although the trend of this reduc- 
tion was the same .as that indicated by the calculated 
oscillatory-stability boundaries, some flights were pos- 
sible at conditions well on the unstablo side of the cal- 
culated boundaries. 

3. As ii was increased, the difficulty of maintain- 
ing laterally level flight with ailerons became greater, 

4. In general, the flight behavior became worse as 
I* was increased. Satisfactory flight behavior for all 
loadings was obtained, however, with small dihedral and 
large vertical-tail area-. 

■ 

Langley Momorinl Aeronautical Laboratory, 

National Advisory Committoe for Aeronaut ics, 
Langley Field," TTa. 
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TABLE I 

VALUES OF HERI VAT IVES USSD IiJ SIA3ILITY GAICDLAIIOGS 
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%(tail) 




% 




\ 


V 


*r 




0 ' 

.003 
.007 

.013 
.027 
.037 
.073 
.110 

.lUS 


b 

-.01 

-.02 

-.05 

-.075 

-.1 

-.2 

-3 
-.4 


-0.310 
-.320 
-.330 

—36o< 

-3S5 
-.iao 

-.510 
-.610 
-.710 




Depondont j 
variable * 




-0.025 
-.022 
-.017 

-.ooit 

.00b 
.017 

.059 
.102 


-0.44 
-.44 

-,U4 
-.44 
-.44 
-.44 


-0.045 
-.045 
-.045 
-.045" 
-.045 
-.o4 
-.043 
—03s 

—Oil* 


0.25 
•25 
.25 
.25 
.25 
.25 
.25 
.26 

•27 


-O.O35 
-.039 
-.042 

-.053 
-.062 
-.071 
-.103 
-.144 
-.130 
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O ^odol configurations used in tests 




Figure 2.- Values of g and C 21g for the various model con- 
figurations vised in the tests. 
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■i.^- Variation of p, with wing loading and altitude for various 
wing spans. 
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Figure 5.- Spiral-stability ratings for various zaoiel configurations. Cl-1.0. (3=0 curve from figure 3.) 
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